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0RVWRFFXUULQJDFWLYLW\LVIRVVLOIXHOUHSODFHPHQWZLWKUHQHZDEOHHQHUJ\VRXUFHV5(6VXFKDVZLQGVRODUDQG
ELRPDVVHQHUJ\7KH(XURSHDQ8QLRQ(8KDVVHWWKHWDUJHWWRDFKLHYHRIUHQHZDEOHVLQWKHSULPDU\HQHUJ\
VXSSO\E\,WPHDQVWKDWLQVWDOOHGFDSDFLWLHVRI5(6ZLOOJURZLQWKH(87KHWHQGHQF\RILQFUHDVLQJ5(6VKDUH
LVREVHUYHGDOVRRQWKHJOREDOVFDOH,QWKHWRWDOJOREDORSHUDWLQJFDSDFLW\RIVRODU39VUHDFKHG*:ZKLOH
WKHWRWDOLQVWDOOHGZLQGFDSDFLW\ZDV*:%HWZHHQDQGWKHDYHUDJHDQQXDOJURZWKUDWHVRIVRODU39
DQGZLQG HQHUJ\ FDSDFLWLHVZHUH  DQG  UHVSHFWLYHO\ >@ 7KH UDSLG LQFUHDVH KDV EHHQ GULYHQ E\ SULFH
GHFUHDVHWHFKQRORJ\GHYHORSPHQWFRPSHWLWLRQEHWZHHQPDQXIDFWXUHUVDQGJRYHUQPHQWDOVXSSRUW
'HVSLWHWKLVSRVLWLYHWHQGHQF\WKHUHLVDQH[LVWLQJVWRUDJHSUREOHPRIVWRFKDVWLFHOHFWULFLW\IURPZLQGDQGVRODU
39HQHUJ\ VRXUFHVPLVEDODQFHEHWZHHQJHQHUDWLRQ DQG FRQVXPSWLRQ FDQ OHDG WR VHYHUH FRQVHTXHQFHVRU HYHQ WR
EODFNRXWRISRZHUV\VWHP>@$WWKHSUHVHQWWLPHRQHRIWKHRSWLRQVIRU5(6HQHUJ\VWRUDJHLVWRDFFXPXODWHLWE\
SURGXFLQJ K\GURJHQ + WKURXJK ZDWHU HOHFWURO\VLV 'XH WR WKH VKRUWDJH RI UHQHZDEOH + LQIUDVWUXFWXUH
PHWKDQDWLRQZKHUH+LVFRPELQHGZLWK&2WRSURGXFHV\QWKHWLFPHWKDQHFDQEHSRVVLEOHVROXWLRQIRUUHF\FOLQJRI
LQFUHDVLQJ&2DQGDFFXPXODWLRQRIQRQFRQWLQXRXVHOHFWULFLW\6\QWKHWLFPHWKDQH&+SURGXFWLRQLVFRQYHQLHQW
EHFDXVH RI H[LVWLQJ QDWXUDO JDV SLSH V\VWHP &+ FDQ DOVR EH EXUQHG LQ DQ H[LVWLQJ SRZHU JHQHUDWLRQ VWDWLRQV
UHFRYHULQJ&2ZKLFKVKRXOGEHFDSWXUHGDQGXVHGLQWKHQH[WF\FOH6SHFLILFHQHUJ\RI&+LVDOVRKLJKHUWKDQ
+0-PYHUVXV0-P>@7KXVPHWKDQL]LQJ+KDVVHYHUDOSUHIHUHQFHV
7KHDLPRIWKLVVWXG\LVWRGHYHORSDQH[SHULPHQWDOVFKHPHIRUWHVWLQJWKHPHWKDQDWLRQUHDFWLRQ
0HWKDQDWLRQ
$OWKRXJK WKH PHWKDQDWLRQ UHDFWLRQ ZDV GLVFRYHUHG LQ IDU V RQO\ LQ UHFHQW \HDUV LW KDV DWWUDFWHG PRUH
DWWHQWLRQDVWKHGHSOHWLRQRIIRVVLOIXHOVDQGDLUSROOXWLRQSUREOHPVKDYHEHFRPHPRUHDFXWH>@,QWKHPHWKDQDWLRQ
UHDFWLRQ+UHDFWVZLWKFDUERQR[LGHV&2DQG&2WRSURGXFHPHWKDQHVHHUHDFWLRQVDQG%RWKUHDFWLRQV
DUHKLJKO\H[RWKHUPLF>@
molkJHOHCHHCO    'o   
molkJHOHCHHCO    'o   
$OWKRXJK WKHPHWKDQDWLRQ UHDFWLRQ WKHRUHWLFDOO\ ORRNV VLPSOH LQ UHDOLW\ WKHUH DUHPDQ\ IDFWRUV DQG UHDFWLRQ
SDUDPHWHUVWKDWPD\QHJDWLYHO\DFWRQ+DQG&2FRQYHUVLRQDQGPHWKDQHSURGXFWLRQ7KHPRVWLPSRUWDQWDVSHFWV
DIIHFWLQJWKHSURFHVVDUHGLVFXVVHGEHORZ
2.1. Catalysts 
$FDWDO\VW LVQHFHVVDU\WR LQLWLDWH WKHUHDFWLRQVDQG$ZLGHYDULHW\RIFDWDO\VWVH[LVW)RUPHWKDQDWLRQ
ERWKQREOHDQGQRQQREOHPHWDOVDUHXVHGHJ5KRGLXP5K5XWKHQLXP5X&REDOW&R0DQJDQHVH0QDQG
1LFNHO1L>@6RPHFDWDO\VWVHVSHFLDOO\QREOHPHWDOVKDYHKLJKFRVWVHJ6LOYHU$JSODWLQXP3WDQGJROG$X
KHQFHLWZRXOGQRWEHHFRQRPLFDOO\IHDVLEOHWRXWLOLVHWKHVHPHWDOVLQSXUHIRUP,QVXFKFDVHVLWLVVXLWDEOHWRXVHD
VXSSRUWPDWHULDO±DOHVVFRVWO\PDWHULDOWKDQWKHFDWDO\VWLWVHOIEXWZLWKDKLJKFRQWDFWDUHDUHODWLYHWRLWVVL]H>@
9DULRXVR[LGHVXSSRUWVH[LVWHJ7L26L2$O2&H2=U2&X2>@'HVSLWHWKHODUJHYDULHW\1LFNHODQG
5XWKHQLXPFDWDO\VWVDUHWKHPRVWXVHGDQGH[SORUHG>±@
2.2. Temperature 
'HSHQGLQJ RQ WKH VSHFLILF DSSOLFDWLRQ DQG FDWDO\VW W\SH WKH PHWKDQDWLRQ UHDFWLRQ LV W\SLFDOO\ FRQGXFWHG DW
WHPSHUDWXUHV EHWZHHQ ±& >@ 7KH UHYHUVH UHDFWLRQ LV JHQHUDOO\ FRQGXFWHG DW WHPSHUDWXUHV KLJKHU WKDQ
&>@
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2.3. Pressure 
3UHVVXUHGHSHQGVRQWKHW\SHRIPHWKDQDWLRQUHDFWRUEXWJHQHUDOO\6DEDWLHUUHDFWLRQRFFXUVDWDPELHQWSUHVVXUH
DWP <HW H[FHSWLRQV H[LVW /DUJH VFDOH UHDFWRUV HJ &2 UHPRYDO DQG ZDWHU SURGXFWLRQ LQVWDOODWLRQV IRU
,QWHUQDWLRQDO6SDFH6WDWLRQRUVXEPDULQHV>@DQG³7KH$XGL(JDV3URMHFW´XVHKLJKHUHYHQPRUHWKDQ±
DWP SUHVVXUH >@7KH\RSHUDWHZLWK LQFUHDVHGSUHVVXUH EHFDXVH LW SRVLWLYHO\ DFWV RQ&2RU&2 FRQYHUVLRQ
±LPSURYHPHQWDQG&+VHOHFWLYLW\aLPSURYHPHQW>@
2.4. Gas Hourly Space Velocity (GHSV) 
/RQJHUUHVLGHQFHWLPHRIWKHIHHGJDVHVLQWKHUHDFWLRQFKDPEHUPHDVXUHGWKURXJKVSDFHYHORFLW\LQFUHDVHVWKH
FRQYHUVLRQ RI &2 WR &+ >@ )RU WKH UHDFWRUV ILOOHG ZLWK D FDWDO\VW WKH YROXPH RI WKH SDFNHG FDWDO\VW EHG LV
FRQVLGHUHGQRWWKHYROXPHRIWKHHQWLUHUHDFWLRQFKDPEHU$VVWDWHGE\+RHNPDQ	%URFK>@LQFUHDVLQJWKHVSDFH
YHORFLW\UHVLGHQFHWLPHGHFUHDVHVWKDWDVH[SHFWHGZLOOVWLPXODWHWKHGHFUHDVHRI&2FRQYHUVLRQ
6SDFHYHORFLW\GHSHQGVRQ&2&2PHWKDQDWLRQV\VWHPERWKFRPSRQHQWLQSXWUHDFWRUFRQVWUXFWLRQ7KHUHIRUH
WKHYDOXHRIVSDFHYHORFLW\UDQJHVZLGHO\LHEHWZHHQ±K>@$OVRWKHUHDUHH[DPSOHVRIJDVKRXUO\
VSDFHYHORFLW\ RIKZKHUHDVLQKLJKSUHVVXUHPHWKDQDWLRQUHDFWRUDSSOLFDWLRQVHYHQK>@
2.5. Input gas purity 
6DEDWLHUUHDFWLRQVWRLFKLRPHWU\VKRZVWKDWWKHRSWLPXPPRODUUDWLRRI+&2LV7KXVWRFRQYHUWPROHRI
&2PROHVRI+DUHQHHGHG 
*HQHUDOO\LQODERUDWRU\H[SHULPHQWVSXUH+DQG&2GLOXWHGLQDFDUULHUJDVHJ$UJRQRU1LWURJHQDUHXVHG
3XUHUHQHZDEOHK\GURJHQLVSURGXFHGGXULQJZDWHUHOHFWURO\VLVUHDFWLRQ:KHUHDVIRU&2VRXUFHVHYHUDORSWLRQV
H[LVW )LUVWO\ LW LV SURGXFHG DV D E\SURGXFW LQ WKH LQGXVWULDO SURGXFWLRQ RI OLPH VWRQH DPPRQLD DQG K\GURJHQ
6HFRQGO\&2FDQEHDEVRUEHGDQGFROOHFWHGIURPDLUEUHZHU\RUVHZDJHWUHDWPHQW<HWWKHPRVWVXLWDEOHVRXUFH
RI&2LVH[KDXVWRIELRJDVQDWXUDOJDVFRDORURWKHUHQHUJ\SURGXFLQJSODQW>@$FFRUGLQJWRSODQWW\SHH[KDXVW
JDV FRPSRVLWLRQ E\ YROXPH  FDQ GLIIHU *HQHUDOO\ H[KDXVW JDVHV FRQWDLQ ± RI 1 ± HJ ZHW
ELRPDVVRIZDWHUYDSRXU±RI&2±RI26RPHVPDOOSHUFHQWDJHRIRWKHUSROOXWDQWV1262DQG
&2PD\EHSUHVHQW
:KHQLQWKHPHWKDQDWLRQUHDFWLRQH[KDXVWJDVHVDUHXVHGIRUVRXUFHRI&2VXFKFKHPLFDOHOHPHQWVDV212
DQG62QHJDWLYHO\DFWRQWKHSHUIRUPDQFHRIWKHPHWKDQDWLRQSURFHVV1LWURJHQDQGVXOSKXUGLR[LGHVDUHSROOXWLQJ
DQG SRLVRQLQJ FDWDO\VW VXUIDFH WKXV UHGXFLQJ &2 FRQYHUVLRQ HIILFLHQF\ ([FHVV 2 UHDFWV ZLWK + WR SURGXFH
ZDWHUDFFRUGLQJO\GHFUHDVLQJWKHDPRXQWRISURGXFHG&+RI2LQWKHLQOHWJDVFDQUHGXFH&2FRQYHUVLRQE\
DSSUR[LPDWHO\>@
([SHULPHQWDOVFKHPH
7KHUH DUH VHYHUDO H[DPSOHV RI ODERUDWRU\ VFDOH PHWKDQDWLRQ UHDFWRU V\VWHPV >±@ 7KHVH ODERUDWRU\
LQVWDOODWLRQVKDYHGLIIHUHQWVL]HVVRPHVSHFLDOWHFKQLFDOVROXWLRQV\HWWKHJHQHUDOFRQFHSWLVYHU\VLPLODU$FFRUGLQJ
WR WKLV FRQFHSW VRXUFHVRI&2&2DQG+ DUHQHFHVVDU\0HWKDQDWLRQ UHDFWRU LV DPDLQ V\VWHPHOHPHQW%HIRUH
HQWHULQJWKHPHWKDQDWLRQUHDFWRUZKHUHUHDFWLRQRFFXUVLQOHWJDVVKRXOGEHPL[HGDQGSUHKHDWHG$VZDVPHQWLRQHG
LQ WKH OLWHUDWXUHDQDO\VLVPHWKDQDWLRQ UHDFWLRQ WRRFFXUD FDWDO\VWPXVW EHXVHG)XUWKHUSURGXFHGJDV VKRXOGEH
FRQGHQVHGDQGFROOHFWHG(QWLUHPHWKDQDWLRQVWDQGVKRXOGEHFRQWUROOHGWKURXJKXVHRIDFRPSXWHUFRQWUROV\VWHP
LQFOXGLQJJDVDQDO\VHUVWHPSHUDWXUHVHQVRUVDQGFRQWUROOHU
%HIRUHPHWKDQDWLRQVWDQGFRQVWUXFWLRQPRGHOOLQJDQGVLPXODWLRQPXVWEHGRQH0RGHOOLQJDQGVLPXODWLRQZRUN
LVDQDSSURSULDWHSDUWRIWKHDQDO\VLVRSWLPL]DWLRQDQGHQJLQHHULQJRIPHWKDQDWLRQUHDFWRUVDQGFRQFHSWV7KHUHIRUH
WKLV UHVHDUFK SUHVHQWV D VLPSOH PRGHO GLVSOD\LQJ PDLQ DVSHFWV ZKLFK VKRXOG EH WDNHQ LQWR DFFRXQW PDNLQJ
PHWKDQDWLRQSURFHVVGHVLJQ)LJGHSLFWVJHQHUDOVFKHPHRIPHWKDQDWLRQSURFHVV
7KH WDUJHW LV RSWLPXPPHWKDQDWLRQ V\VWHPGHVLJQ ,QRWKHUZRUGV VD\LQJZHKDYH WRSURGXFHRXWOHW JDVZLWK
PRVWDSSURSULDWHFRPSRVLWLRQEHVW&2FRQYHUVLRQDQG&+VHOHFWLYLW\7RUHDFKWKLVWDUJHWILUVWO\SURSHUUHDFWRU
GHVLJQ VKRXOG EH VHOHFWHG ,W LQFOXGHVPDLQO\ VHFWLRQ RI UHDFWRU W\SH FDOFXODWLRQ RI FRQVWUXFWLRQ DQG RSHUDWLRQDO
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SDUDPHWHUV)RUH[DPSOHE\WHPSHUDWXUHSURILOHLQVLGHWKHUHDFWRUWKH\DUHGLYLGHGRQWKUHHW\SHVDGLDEDWLFIL[HG
EHG UHDFWRUV LVRWKHUPDO DQG SRO\WURSLF UHDFWRUV $OVR DUH H[DPSOHV RI IOXLGL]HGEHG UHDFWRUV PLFURFKDQQHO
UHDFWRUVKRQH\FRPEHWF+RZHYHUUHDFWRUGLDPHWHUUHDFWRUYROXPHLQVXODWLRQWKLFNQHVVDQGRWKHUDUHFRQVLGHUHG
DV FRQVWUXFWLRQ SDUDPHWHU H[DPSOHV 7HPSHUDWXUH 3UHVVXUH LQVLGH WKH UHDFWRU LQOHW JDV UHVLGHQFH WLPH
VWRLFKLRPHWULFUDWLR+&2[LVPDLQH[DPSOHRIRSHUDWLRQDOSDUDPHWHUV
6HFRQGO\ ULJKW SURSHU FDWDO\VW VKRXOG EH VHOHFWHG 6HOHFWLQJ FDWDO\VW VKRXOG EH FRQVLGHUHG HFRQRPLFDO
HFRORJLFDO WHFKQLFDO DQG FRQYHUVLRQ HIILFLHQF\ DVSHFWV $VZDVPHQWLRQHG LQ OLWHUDWXUH DQDO\VLV VRPH FDWDO\VWV
FRQVLVW RI QREOH KLJK FRVWPHWDOV HJ 6LOYHU$J SODWLQXP3W DQG JROG$X ,Q GHPRQVWUDWLRQ RU UHVHDUFK VFDOH
UHDFWRUV LWPD\EHIHDVLEOH WRXVHH[SHQVLYHFDWDO\VWVEXW LQ ODUJHVFDOHFRPPHUFLDODSSOLFDWLRQVFDUHIXODQDO\VLV
PXVWEHGRQH$OVRVHOHFWLQJDFWLYHFRPSRXQGDQGVXSSRUWIRUFDWDO\VWSUHSDUDWLRQHQYLURQPHQWDOLPSDFWDQDO\VLV
PXVWEHGRQH6HOHFWLQJFDWDO\VWLWV¶SUHSDUDWLRQDQGSUHWUHDWPHQWGLIILFXOW\VKRXOGEHWDNHQLQWRDFFRXQW

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<HV
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1R
<HV
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<HV
<HV
1R
1R
<HV
<HV
1R
<HV

)LJ*HQHUDOFRQFHSWRIWKHPHWKDQDWLRQSURFHVV
7KHHIILFLHQF\RIDFDWDO\VWFDQEHGHILQHGE\&2[FRQYHUVLRQRU&+VHOHFWLYLW\+LJKHUFDWDO\VWDFWLYLW\DQG
&+ VHOHFWLYLW\ KLJKHU GHPDQGHG FDWDO\VW LW LV &DWDO\VWV DOVR VKRXOG EH KLJK UHVLVWDQW WR WKHUPDO GHJUDGDWLRQ
IRXOLQJFUXVKLQJDQGSRLVRQLQJ)RUH[DPSOHGXULQJPHWKDQDWLRQSURFHVVDWORZHUWHPSHUDWXUHVPD\IRUPFDUERQ
7KLVFDUERQGHSRVLWVRQFDWDO\WLFVXUIDFHWKLVZD\UHGXFLQJFDWDO\VWSHUIRUPDQFH
$QRWKHU DVSHFW LV FDWDO\VW SRLVRQLQJ ZLWK FKHPLFDO FRPSRXQGV HJ VXOSKXU SRWDVVLXP 7KHVH XQGHVLUHG
FRPSRXQGVPD\HQWHUWKHUHDFWRUZLWKLQOHWJDVPL[WXUH,WGHSHQGVRQLQOHWJDVVRXUFHHJELRJDVWUHDWPHQWFRDO
JDVLILFDWLRQ,QWKLVFDVHWRDYRLGFDWDO\VWGHWHUPLQDWLRQSUHWUHDWPHQWLVUHTXLUHG
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5HVXOWVDQGFRQFOXVLRQV
0HWKDQDWLRQSURFHVVKDVVHYHUDODGYDQWDJHVIURPWKHHQYLURQPHQWDOSRLQWRIYLHZ7KLVUHDFWLRQNLOOVWZRELUGV
LQ RQH VKRW LWPD\ UHGXFH*+* HPLVVLRQV UHF\FOH DQG FRQYHUVH FDUERQPRQR[LGH RU FDUERQ GLR[LGH LQWR KLJK
DGGHGYDOXHSURGXFWVDQGFRQYHUVHK\GURJHQLQWRPRUHHDVLO\H[SORLWDEOHVRXUFHRIHQHUJ\PHWKDQH,QDGGLWLRQ
WKH PHWKDQH SURGXFHG FDQ UHSODFH QDWXUDO JDV WKLV ZD\ VDYLQJ QRQUHQHZDEOH UHVRXUFHV ,W LV PRUH IHDVLEOH
FRQVLGHULQJZHOOGHYHORSHGQDWXUDOJDVLQIUDVWUXFWXUH0RUHRYHUWKLVFKHPLFDOHQHUJ\FDQEHREWDLQHGE\XVLQJWKH
H[FHVVHQHUJ\SURGXFHGE\LUUHJXODUHQHUJ\VRXUFHVDVZLQGDQGVXQVROYLQJHQHUJ\VWRUDJHSUREOHPV
0HWKDQDWLRQUHDFWLRQZDVGLVFRYHUHGPRUHWKDQ\HDUVDJREXWGXHWRWKHGHEDWHDERXWDVXVWDLQDEOHHQHUJ\
VXSSO\ UHVHDUFKRQPHWKDQDWLRQKDYHJRWD VHFRQGZLQGGXULQJ WKH ODVW WHQ\HDUV7KHUHDUH VHYHUDOH[DPSOHVRI
UHVHDUFKHV RQ PHWKDQDWLRQ SURFHVV 0DQ\ DVSHFWV DUH GLVFXVVHG 7KLV UHVHDUFK ZDV DLPHG WR FRPELQH DOO PRVW
LPSRUWDQWSDUDPHWHUVDQGWHFKQLFDODVSHFWVLQWRRQHVFKHPH,WZLOOEHXVHGIRUUHDOPHWKQDWLRQUHDFWRUGHVLJQLQWKH
IXWXUHVWXGLHV
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